Capacitive Micromachined Ultrasonic Transducers (CMUTs) operating in immersion support dispersive evanescent waves due to the subwavelength periodic structure of electrostatically actuated membranes in the array. Evanescent wave characteristics also depend on the membrane resonance which is modified by the externally applied bias voltage, offering a mechanism to tune the CMUT array as an acoustic metamaterial. The dispersion and tunability characteristics are examined using a computationally efficient, mutual radiation impedance based approach to model a finite-size array and realistic parameters of variation. The simulations are verified, and tunability is demonstrated by experiments on a linear CMUT array operating in 2-12 MHz range. Capacitive micromachined ultrasonic transducer (CMUT) arrays are promising devices for ultrasonic imaging due to their easy and flexible fabrication in addition to their relatively wide bandwidth compared to the typically used piezoelectric transducers.
Capacitive Micromachined Ultrasonic Transducers (CMUTs) operating in immersion support dispersive evanescent waves due to the subwavelength periodic structure of electrostatically actuated membranes in the array. Evanescent wave characteristics also depend on the membrane resonance which is modified by the externally applied bias voltage, offering a mechanism to tune the CMUT array as an acoustic metamaterial. The dispersion and tunability characteristics are examined using a computationally efficient, mutual radiation impedance based approach to model a finite-size array and realistic parameters of variation. The simulations are verified, and tunability is demonstrated by experiments on a linear CMUT array operating in 2-12 MHz range. Capacitive micromachined ultrasonic transducer (CMUT) arrays are promising devices for ultrasonic imaging due to their easy and flexible fabrication in addition to their relatively wide bandwidth compared to the typically used piezoelectric transducers. 1 The CMUT arrays are composed of many micromachined thin membranes that can be actuated and detected capacitively. When used in immersion, the mechanical coupling between the CMUT membranes results in acoustic crosstalk within the array elements. [2] [3] [4] The main component of acoustic crosstalk has been identified as an evanescent wave above the CMUT array supported by the periodic membranes and the resonance of the individual membranes, which are similar to Rayleigh-Bloch waves in terms of field distribution. 2, 4, 5 For typical imaging applications, these waves degrade the performance of the array in the frequency regime of the crosstalk by a poor angular response and range resolution, and hence much research has been done to reduce the effects of these waves. 6, 7 In contrast, this work characterizes the wave propagation across the surface of CMUT arrays for the potential use for externally tunable acoustic filters or subwavelength focusing by studying the CMUT array as a metamaterial.
Most CMUT arrays consist of subwavelength-sized membranes arranged in a periodic pattern on a silicon substrate. The surface acoustic waves across CMUT arrays derive their properties not only from the periodic spacing of the array but also upon the resonance of each membrane. 8 Since the resonance of the CMUT membrane can be easily tuned by changing the DC bias voltage, 9 the CMUT arrays are in effect a tunable metamaterial in a way unlike other current tunable metamaterials. [10] [11] [12] Other tunable metamaterials focus on changing either the periodicity or the elastic characteristics of the material by relying on external stimuli such as an external stress to change the dimensions of the metamaterial. While an electric field has been used before to tune metamaterials, it has been done so to alter the geometry of a dielectric elastomer and not to alter a resonance as demonstrated here. 12, 13 This Letter investigates the dispersive surface wave present on CMUT arrays in immersion using a linear semi-analytic model, which solves for transient behavior of finite size CMUT arrays. The model is based on calculating the mutual impedance between each membrane, and it accurately predicts how energy is propagating in a given frequency band. This approach is different from calculating the Bloch mode expansion about a unit cell which calculates the entire band structure for an infinite approximation with a perfect medium. 12 The model is verified through experiments on a 1-D CMUT array designed to operate in the 2-12 MHz range when immersed in water. The tunability of the CMUT array is also demonstrated on the same array by using different bias voltages with the results compared to the calculations.
There are two main methods to study a periodic structure; (1) solving the infinite case with the Bloch theorem over a unit cell or (2) solving the finite array case by calculating the mutual impedances of each unit cell to each other. 14 The Bloch theorem is used to find the entire band structure of the metamaterial which is useful in some aspects, but it has limitations for realistic modeling of how energy is propagating across a finite structure. To match transient experimental results on a finite sized CMUT array, the method of solving the mutual impedances is a more suitable option and will be used for this Letter. Since the mutual impedance model solves a system over a finite array it also has the ability to individually parameterize each CMUT membrane as opposed to the Bloch theorem which is restricted by symmetry and the unit or super cell. This means that each membrane can be individually positioned (in periodic or aperiodic fashion) and individually parameterized such as varying each membrane thickness or applied voltage. disrupting the resonance of the Bloch modes of the array. This makes the model more realistic allowing the simulations to match the experiments more closely. 8 This model was originally introduced by Meynier et al. and will be briefly reviewed. 15 The CMUT array surface is modeled as a two dimensional nodal mesh, and for each frequency of interest, a force balance equation is solved for the displacement, fũg, for each node
The force balance encompasses four effects from (1) the linearized electrostatic actuation with associated parameters of voltage applied,Ṽ , to the active membranes, n, and the spring softening effect, K ss , (2) the stiffness derived from a finite difference method, K, (3) the mass, M, and (4) pressure forces from the fluid in the form of mutual radiation impedance, Z mut . The mutual radiation impedance is computed by a boundary element method (BEM) which is derived from the Green's function of a baffled point source in a semiinfinite fluid. This mutual radiation impedance term contains the coupling between each membrane and accounts for the evanescent wave above the CMUT array. The model is used to obtain information on the traveling surface waves. In order to estimate the group velocity of these surface waves a time-frequency transform, the Smoothed Pseudo Wigner-Ville (SPWV) transformation, is applied to the simulated and measured waveforms. This transform computes the time-frequency representation of a signal, s(t), and uses time and frequency smoothing windows, functions h and g, to reduce the interference patterns inherent to the Wigner-Ville transform 16 SPWVðt; xÞ ¼
The SPWV provides a means for estimating the arrival time of energy for the traveling waves at different frequencies which yields in turn an estimate of the group speed. The proposed modeling approach, along with the addition of the SPWV, allows for rapid examination of the surface wave's dispersive features with a variety of membrane parameters and finite array dimensions resulting in realistic results to compare with actual experiments. The CMUT array used in the experiments is shown in Figure 1 . Each element (2.465 mm Â 0.245 mm) is composed of 180 membranes arranged in a 45 Â 4 grid with each membrane having the lateral dimensions of 45 lm by 45 lm, a thickness of 2.2 lm, and a gap of 47 nm. The membranes have a resonance frequency of 12 MHz in air with the collapse voltage of 38 V, and they operate in the frequency range of 2-12MHz in immersion. Note that these arrays were originally designed for ultrasonic imaging applications, not for the particular study presented here. Figure 1(a) is the top view of the CMUT array showing a portion of the elements (delimitated by dashed lines) composed of many membranes with the electrodes running through the membranes. The electrodes for each element connect the membranes of one element electrically in parallel. The entire experimental array with the first element on the left (transmitter) and the sixteenth element on the right (receiver) is shown in Figure 1 (b) along with the wire bonds to the electronics. This array geometry essentially forces 1-D waves generated by the transmitter (Elmt. 1) to propagate on a special medium made of periodic CMUT membranes (Elmt. 2-15) to the receiver (Elmt. 16), making it suitable to study the characteristics of the evanescent surface waves of interest here.
The experiments use the 1 Â 16 array in a deep-water bath with two different DC bias levels applied on the array as depicted in the electrical schematic of Figure 1(c) . All elements in the CMUTs array have a common voltage (V bias ) applied to the bottom electrode which is fixed on the silicon substrate while the middle elements (Elements 2-15) are biased by a separate power supply at different levels (V biasC ). This allows the transmitter and receiver to have a high sensitivity while the bias of the middle elements that are part of the propagation medium can be altered to study the effect of different DC bias levels on the evanescent surface wave. The transmitter is excited with a 2 V, 40 ns pulse, and the receiver's signal is recorded and sampled at 500 MHz after being amplified by a transimpedance amplifier (TIA). Figure 2 shows the calculated transient normalized average velocity signal over the receiver CMUT (Element 16) (Fig.  2(a) ) and the measured TIA output voltage (Fig. 2(c) ), which is proportional to the average velocity. 17 The SPWV transform results are shown under the corresponding time signal. In this particular case, the difference between V bias and V biasC is 0 V, and this difference will be hereby referred to as the bias on the middle elements. The simulation modeled each element in the 1 Â 16 array as 5 Â 4 membranes instead of 4 Â 45 membranes of the actual element for computational efficiency. To account for the variation of membrane properties over the array, the simulation also varied the parameters of the membrane by applying a normal distribution to the applied bias voltage with a zero mean and standard deviation of 0.14 V.
The initial arrival time of 2.5 ls and the dispersive nature of the signal, higher frequencies arriving later, are well predicted by the simulations. The amplitude dip in the signals around 4.5 ls in time (Figs. 2(a) and 2(c) ) is due to destructive interference resulting from the wavelength of the evanescent wave matching the total width of the CMUT array element of 245 lm. This arrival corresponds to the arrival time for 5 MHz traveling with phase speed of 1300 m/s (computed by simulation). The later arrivals (after 4.5 ls) are due to slow waves and are nearly standing waves at around 6-6.5 MHz, where the group speed of the evanescent wave approaches zero. 8 Beyond this frequency, there is no significant energy flow, indicating a stop band. This also has implications on the CMUT array crosstalk, as these waves exist below the stop band edge which is mainly determined by the first resonance frequency of the single isolated membrane in immersion. Therefore, one may want to operate the CMUT array above this frequency for far field imaging using bulk waves in the immersion medium to avoid crosstalk.
To demonstrate that this stop band can be tuned electrically by altering the membrane resonance, the center elements are biased with two other voltage levels of 30 V and 35 V. The Fourier transform of the first 8 ls of each signal received is evaluated to determine at which frequencies the evanescent wave is carrying energy effectively along the array from the transmitter to the receiver. These transmission spectra are plotted in Figure 3 for both the simulations and the experiments for 0 V (Fig. 3(a) ), 30 V (Fig. 3(b) ), and 35 V bias case (Fig. 3(c) ). The frequency spectrum of the 0V bias case for both the simulation (blue solid line) and experiment (red dashed line) agree well with each other as both show energy in a frequency band from 2-5MHz and a narrowband around 6 MHz along with a stop band edge at 6.5 MHz. The dip in the frequency response around 5 MHz is due to destructive interference as explained earlier, and the small dips in the 2-4 MHz band are due to edge effects in the simulations. Above the stop band the experimental transmission spectra contains some energy, albeit 20 dB below the pass band. In this region there is some bulk wave transmission in the fluid medium as predicted, but the main component is the elastic waves excited in the silicon substrate that reradiate energy to the CMUT elements, which the simulation does not account for. As the bias level for the center elements is increased to 30 V and 35 V, the stop band first shifts to 5 MHz (Fig. 3(b) ) and then to 3.5 MHz (Fig. 3(c) ). This is because the dispersive nature of the surface waves are determined from not only the periodic structure but also the effective mass and stiffness of the CMUT membranes. 4, 18 As the bias voltage is increased, the stiffness of the membranes is reduced due to the spring softening effect while the mass remains fixed and in turn lowers the membrane resonance causing the shifting band stop. 9 The simulations of transmitted signal spectra at different bias voltages are in agreement with measurements and predict the shift in the stop band edge especially well. Overall, these results indicate that the particular CMUT array has the characteristics of a metamaterial based acoustic filter with an electrically tunable range from 6.5 MHz to 3.5 MHz with a drop off of about 25 dB.
The periodic structure of the CMUT array membranes and the supported evanescent surface waves have characteristics similar to that of coupled resonators used for subwavelength focusing, as demonstrated by Lemoult et al. 18 In addition, as an actively controlled array of resonators, the subsonic group speed of the surface waves over the CMUT array can be adjusted by applied bias. The group speeds were obtained from the SPWV analysis of the simulations and experimental signals with a least squares fit to an exponential function with the results shown in Figure 4 for different bias voltages. Both the simulation (solid lines) and the experiments (dashed lines) are in agreement while showing that the group speed approaches zero near the stop band. This feature, and the fact that every membrane in the CMUT array can potentially be used as a transmitter and receiver, offers great promise for subwavelength focusing and imaging based on Bloch modes with controllable resolution in the tens of MHz range while immersed in a fluid.
In summary, finite size periodic CMUT membrane arrays operating in immersion are shown to possess the characteristics of an electrically controllable acoustic metamaterial. This is predicted by combining a BEM based acoustic model and SPWV analysis to obtain the transient response, group speed dispersion, and transmission spectrum between a transmitter and receiver located on a 1-D CMUT array at different bias voltage levels. The predictions are verified by experiments which indicate an electrically tunable transmission spectrum with a clear stop band and tunable subsonic dispersion characteristics in immersion. This phenomenon has implications for CMUT array design to reduce crosstalk. Future work will exploit the CMUT structures as tunable and active acoustic periodic media in immersion for near surface subwavelength imaging and focusing with potential applications in the biological domain. 
